Alanine dehydrogenase (AlaDH) catalyzes the reversible deamination of L-alanine to pyruvate (NAD ϩ ϩ L-alanine ϩ H 2 O 7 NADH ϩ H ϩ ϩ pyruvate ϩ NH 4 ϩ ). The enzyme can serve both assimilatory and dissimilatory metabolic functions in various organisms. The characteristic NH 4 ϩ K m value for AlaDH generally has been used as an arbitrary predictor of the assimilatory versus dissimilatory role of AlaDHs. AlaDHs from Streptomyces fradiae and pea and soybean bacteroids with relatively high affinities for ammonia (K m , Ͻ10 mM) function primarily for NH 4 ϩ assimilation (3, 41, 49) , while AlaDHs from other organisms have lower affinities for ammonia (K m , Ͼ10 mM) and are therefore expected to act effectively in an assimilatory fashion only when high concentrations of NH 4 ϩ are present or when other pathways are repressed (6, 14, 29, 30, 35) . In Bacillus sp., AlaDH has been implicated as the critical dissimilatory enzyme for generating pyruvate, the energy source for sporulation (39) .
AlaDHs have been purified from a variety of bacteria and consist of a single catalytic subunit that, depending on the organism, assumes a homohexameric (11, 14, 23, 29, 30, 32, 35, 47) , homotetrameric (5, 37, 41, 48) , or homooctameric (49) quaternary complex. A comparison of the bacterial AlaDH amino acid sequences indicates that the enzyme is highly conserved, with ϳ50% sequence identity between individual AlaDHs (4). Significant sequence homology is also present between the bacterial AlaDHs and the alpha subunits and the N termini of bacterial and eukaryotic nicotinamide nucleotide transhydrogenase, respectively (4, 52) . The AlaDH and pyridine nucleotide families of enzymes have glycine-rich regions in common that have been suggested to form a nucleotidebinding Rossman fold domain. Recently, the three-dimensional structure of the AlaDH from the cyanobacterium Phormidium lapideum was solved (4) . Each AlaDH subunit of the hexameric enzyme consists of two compact domains that are separated by a cleft. The C terminus assumes a Rossman fold domain that binds NAD ϩ , and the substrate-binding site is located deep within the cleft and close to the binding site of the nicotinamide ring. Given the amino acid sequence similarity among the AlaDHs characterized to date, it can be expected that they will assume a similar tertiary structure.
Very little is known about archaeal AlaDHs. Two AlaDHs were purified or partially enriched from the halophilic archaea Halobacterium salinarum and Halobacterium cutirubrum, respectively (15, 17) . Because the purification of these enzymes was performed about 20 years ago, no nucleotide sequence information for their genes is available. In addition, the ald gene encoding the bacterial-type AlaDH appears to be absent in the archaeal genomes that have been published thus far. The goals of this work were to establish whether AlaDH is also present in other archaea and to elucidate how it differs from the bacterial AlaDHs. With a native polyacrylamide gel electrophoresis (PAGE) activity staining procedure, AlaDH activity was detected in the hyperthermophilic archaeon Archaeoglobus fulgidus. A. fulgidus grows optimally at 83°C and uses sulfate reduction for energy generation (43, 44, 54) . We describe here the purification and characterization of a novel archaeal AlaDH with no homology to known bacterial AlaDHs.
Homologues of the A. fulgidus enzyme are also present in other archaea, suggesting that the archaeal AlaDHs belong to a distinct evolutionary class of enzymes that is related to the -crystallin and ornithine cyclodeaminase (OCD) enzyme families.
MATERIALS AND METHODS
Organisms and growth conditions. A. fulgidus VC-16 (DSM 4304) served as the source of wild-type AlaDH and of the genomic DNA used in the PCR procedure to obtain the gene AF1665 encoding AlaDH. A. fulgidus was grown anaerobically on 10 mM sodium lactate and 30 mM sodium sulfate at 83°C, essentially as described by Zellner et al. (54) and modified as described by Vadas et al. (45) . A. fulgidus biomass was produced in a 70-liter culture grown in a custom-built 100-liter glass-lined steel fermentor (Pfaudler, Rochester, N.Y.). The cells were harvested in the late log phase (ϳ24 h after inoculation) at an optical density at 660 nm of 0.5 to 0.6 by concentration with an A/G Technology hollow-fiber unit (nominal molecular mass cutoff, 500 kDa) and subsequent centrifugation for 20 min at 16,000 ϫ g. Cell yields were approximately 80 g (wet weight) per 70-liter culture. Escherichia coli strains DH5␣ (NEB) and BL21 (DE3) (Stratagene) were used for plasmid maintenance and gene overexpression, respectively. For the culture of the E. coli strains, Luria-Bertani liquid and solid media containing ampicillin at a 100-mg/liter concentration were used.
Detection of AlaDH activity in native gels. The soluble fraction was prepared by a previously published high-pressure homogenization and centrifugation protocol (45) and separated by native PAGE with stacking and resolving gels of 4 and 8% polyacrylamide, respectively, with the Bio-Rad Mini-PROTEAN system. After electrophoresis, the gel was transferred to a 15-ml anaerobic culture tube sealed with a butyl rubber stopper to which the following anaerobic solutions were added: 5.0 ml of 100 mM Tricine buffer (pH 8.0), with 10 mM L-alanine, 0.05 mM phenazine methosulfate, 0.1 mg of methyl thiazolyl tetrazolium/ml, and 0.5 mM NAD ϩ . After incubation for 5 min at 85°C, AlaDH activity was identified as a dark purple formazan band in the gel (24) .
Enzyme and protein assays. The protein concentration was measured by the Bradford assay (Bio-Rad) with bovine serum albumin as the standard. AlaDH activity was measured as oxidative deamination of alanine and as reductive amination of pyruvate by procedures adapted from previously described methods (28, 30) . The assays were performed aerobically in stoppered quartz cuvettes at 82°C unless indicated otherwise. All assays were performed in triplicate, and the error range was within 6%. The oxidative deamination assay mixture contained 100 mM Tricine-KOH (pH 8.5) (titrated at 25°C), 5 mM L-alanine, and 2.5 mM NAD ϩ . The reductive amination assay mixture consisted of 100 mM Tricine-KOH (pH 8.5), 700 mM NH 4 Cl, 5 mM pyruvic acid, and 0.08 mM NADH unless indicated otherwise. Rates were measured spectrophotometrically by following the reduction of NAD ϩ for the deamination reaction or the oxidation of NADH for the amination reaction at 340 nm. One unit of activity is defined as 1 mol NAD(H) reduced (or oxidized) per min. OCD activity was measured by a modified version of a previously published assay (33, 34) . The reaction mixture, which contained 100 mM Tricine-KOH (pH 8.0) (titrated at 25°C), 10 mM ornithine, 1.0 mM NAD ϩ , and 0.3 g of purified AlaDH, was incubated for 24 h at 37 or 80°C. The samples then were separated on cellulose K2F thin-layer chromatography plates (Whatman Ltd.) with 3:1 n-propanol-NH 3 OH as the mobile phase. The presence of primary and secondary amines was detected with 0.2% ninhydrin dissolved in ethanol (10, 33) . L-Proline and ornithine were used as standards.
Purification of AlaDH from A. fulgidus. All purification procedures were carried out aerobically at 25°C. The soluble fraction was prepared by a previously published high-pressure homogenization and centrifugation protocol (45) . The soluble fraction (ϳ400 mg of protein) was applied to a 5-ml Q Sepharose column (Pharmacia) equilibrated with 20 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES)-NaOH (pH 7.0). After the column was washed with PIPES buffer containing 180 mM NaCl, AlaDH activity was eluted at 240 mM NaCl. The eluted protein was diluted with buffer to 100 mM NaCl and applied to a 5-ml Red Agarose 120 affinity column (Sigma) equilibrated with 20 mM PIPES-NaOH (pH 7.0)-100 mM NaCl. The column was washed with the equilibration buffer, and AlaDH was eluted with 350 mM NaCl in PIPES buffer. Ammonium sulfate was added to the eluted protein to a final concentration of 1.0 M. The solution was centrifuged and loaded onto a 1-ml Butyl Sepharose hydrophobic-interaction column (Pharmacia) equilibrated with PIPES buffer containing 1.0 M (NH 4 ) 2 SO 4 . The column was washed with 0.75 M (NH 4 ) 2 SO 4 , and AlaDH was eluted with 0.55 M (NH 4 ) 2 SO 4 in PIPES buffer. The eluted protein was passed through a Centricon filter with a 100-kDa molecular mass cutoff (Amicon) and subsequently concentrated with a Centricon filter with a 30-kDa molecular mass cutoff. The concentrated protein was stored at Ϫ80°C.
SDS-gel electrophoresis.
Proteins were separated on precast 20% homogeneous polyacrylamide gels under denaturing conditions with the Pharmacia PhastSystem. The protein samples were heated for 30 min at 100°C in 1% sodium dodecyl sulfate (SDS) prior to loading (24) . The apparent molecular masses of the subunits of the purified AlaDH were estimated from the electrophoretic motility of the denatured protein. The molecular mass standards for SDS-PAGE were bovine albumin (66 kDa), chicken egg albumin (45 kDa), glyceraldehyde-3-posphate dehydrogenase (36 kDa), bovine carbonic anhydrase (29 kDa), bovine pancreas trypsinogen (24 kDa), soybean trypsin inhibitor (20 kDa), and bovine milk ␣-lactalbumin (14 kDa) (Sigma).
Native molecular weight determination. The native molecular weight of the AlaDH was determined with a Superose 6 (Pharmacia) gel filtration column. RNase A (13.7 kDa), chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), and bovine serum albumin (67 kDa) were used as standards. The column was run with 20 mM PIPES buffer-300 mM NaCl (pH 7.0).
AlaDH pH and temperature optima. The pH optima for the AlaDH-catalyzed deamination and amination reactions were determined with the following buffers and pH values at 82°C: 100 mM morpholineethanesulfonic acid (MES) at pHs 6.1 and 6.15; 100 mM Tricine at pHs 6.5, 6.75, 6.8, 7.3, and 7.4; and 100 mM glycine at pHs 7.5, 7.9, 8.0, and 8.5. Temperature optima were determined at the indicated temperatures.
pH stability. The concentrated enzyme preparation was diluted 30-fold in the following buffers and pH values at 25°C: 100 mM glycine at pH 9.5, 100 mM Bicine at pH 9.0, 100 mM Tricine at pHs 8.5 and 8.0, 100 mM potassium phosphate at pHs 7.5 and 7.0, and 100 mM MES at pH 6.5. The samples were stored at 25°C in sterile microcentrifuge tubes, and the activity was monitored with the reductive amination assay over a period of 2 weeks.
Effect of salt on stability and activity. The desalted enzyme was concentrated with a centrifugal filter with a 30-kDa molecular mass cutoff (Amicon). Various salts [NaCl, KCl, (NH 4 ) 2 SO 4 , or K 2 HPO 4 ] were added to the concentrated enzyme to give a final concentration of 1.0 M in PIPES buffer (pH 7.0). The samples were sealed in serum vials with butyl rubber stoppers and incubated at 90°C for 68 h. Periodically, samples were removed from the vials and AlaDH activity was measured with the reductive amination assay. The effect of the KCl concentration on enzyme activity was determined by adding 0.0, 0.5, 1.0, 1.5, and 2.0 M KCl to the reductive amination assay mixture.
Temperature-dependent stability. The AlaDH in 20 mM PIPES buffer (pH 7.0) (titrated at 25°C)-1.5 M KCl was incubated in stoppered serum vials at 25, 60, 90, and 100°C. The activity was monitored with the reductive amination assay on samples immediately after their removal from the vials.
N-terminal amino acid sequence analysis. The purified protein was run on an SDS-20% polyacrylamide gel and transferred to a Sequi-Blot polyvinylidene difluoride membrane (Bio-Rad). N-terminal amino acid sequence analysis was performed by the Protein Microsequencing Facility of the University of California, Los Angeles.
Phylogenetic analysis. Amino acid sequences homologous to the A. fulgidus AlaDH encoded by the AF1665 gene were identified with FASTA and BLASTp databases. The homologous amino acid sequences were aligned with Multialign (9) . The amino acid alignment of selected proteins was displayed with GeneDoc (27) . For database accession numbers, see the legend to Fig. 6 . A phylogenetic tree was constructed with the neighbor-joining algorithm of TREECON (50) . Evolutionary distances were calculated by Poisson correction with 1,000 bootstrap replicates.
Cloning and overexpression of ala and purification of recombinant AlaDH. Cloning and overexpression of ala and purification of recombinant AlaDH were done in parallel and in accordance with the protocol described by Smith et al. (42) .
RESULTS
Detection of AlaDH activity in A. fulgidus. To examine the properties of an archaeal AlaDH, two archaeal representatives, A. fulgidus and Pyrobaculum aerophilum, were assayed spectrophotometrically for the reductive amination of pyruvate and for the oxidative deamination of alanine; however, no activity was detectable in either organism. Since both archaea had been cultured in the presence of yeast extract and peptone, it was possible that feedback inhibition by external amino acids resulted in very low AlaDH activity. To detect very low enzyme activity, a high-temperature, native PAGE activity assay was used. The advantage of such an approach is that low-abun- VOL. 186, 2004 ARCHAEAL ALANINE DEHYDROGENASE 7681 dance proteins are separated and assayed in situ, resulting in sensitive enzyme detection. Following electrophoreses, the gels were stained for oxidative deamination of alanine and concomitant reduction of NAD ϩ . The purple formazan band indicating AlaDH activity in A. fulgidus formed within 5 min at 85°C and was dependent on the presence of L-alanine in the assay buffer (data not shown). In contrast, no AlaDH activity could be detected in the soluble fraction of P. aerophilum (data not shown). AlaDH activity in the A. fulgidus soluble fraction was below the detection limit of the spectrophotometric assay used and could be measured only after enrichment of the enzyme.
Purification of AlaDH. The enzyme was purified to apparent homogeneity by Q Sepharose ion-exchange chromatography, Red Agarose 120 affinity chromatography, Butyl Sepharose hydrophobic interaction chromatography, and centrifugal filtration through a membrane with a 100-kDa cutoff (Table 1) . After the final purification step, the enzyme was enriched 572-fold relative to the preparation obtained from the first chromatography column. Since AlaDH activity could not be quantified in the soluble fraction, recovery and fold purification were based on the AlaDH activity recovered from the Q Sepharose column. The purified AlaDH protein has an M r of 35,000 as determined by SDS-PAGE. By size exclusion chromatography, the apparent molecular weight of the native protein was determined to be 76,000, suggesting that the enzyme is a homodimer (data not shown). The purified enzyme did not exhibit any significant absorption in the visible range, indicating that the enzyme does not contain chromophores such as flavins, Fe-S centers, or cytochromes.
Kinetic properties of AlaDH. After the final purification step, AlaDH catalyzed the oxidative deamination of alanine with a specific activity of 10.6 U/mg (k cat , 6.1 s Ϫ1 ) and the reductive amination of pyruvate with a specific activity of 203 U/mg (k cat , 118 s Ϫ1 ) ( Table 2 ). The apparent affinity for pyruvate was fourfold higher than that for L-alanine ( Table 2) . The enzyme has an affinity for NH 4 ϩ that is in the same range as bacterial dissimilatory-type AlaDHs; however, the low abundance of AlaDH in A. fulgidus grown under rich-medium conditions argues against a dissimilatory function for this enzyme. An assimilatory function for A. fulgidus AlaDH is also supported by its low K m for NADH. Its K m for NAD ϩ was more than an order of magnitude higher than that for NADH. A. fulgidus AlaDH is specific for NAD ϩ ; NADP ϩ was not used as a substrate. As is characteristic of many bacterial AlaDHs, the A. fulgidus enzyme exhibits substrate inhibition by pyruvate and NADH, but not by NAD ϩ (Table 2 ) (2, 13, 29, 41).
Substrate specificity of AlaDH. A variety of L-amino acids and 2-oxo acids were tested as substrates for A. fulgidus AlaDH. In the deamination direction, only L-2-aminobutyrate is deaminated efficiently, at a rate about 1.5-fold higher than that determined for alanine (Tables 2 and 3) . A ninefold lower K m for L-2-aminobutyrate versus L-alanine suggests that L-2-aminobutyrate is the preferred substrate in the deamination reaction (Table 2) . L-Valine, L-serine, L-threonine, L-aspartate, and L-isoleucine also served as substrates but at rates Յ12% of that for L-alanine (Table 3) . Activity with several other natural amino acids was not detected. In the reductive amination direction, the enzyme exhibited high activity with 2-ketobutyrate and oxaloacetate compared to pyruvate (Tables 2 and 4 ). The Michaelis constants for 2-ketobutyrate and oxaloacetate were three-and sixfold larger, respectively, compared to the K m for pyruvate (Table 2) . Larger 2-keto acids of five and six carbons such as 2-ketovalerate and 2-ketocaproate were not suitable substrates ( Table 4 ). The pyruvate derivatives 3-fluoropyruvate and 3-hydroxypyruvate resulted in lower activity compared to that obtained with pyruvate. The more bulky compound phenylpyruvate was not aminated reductively at a measurable rate.
pH and temperature optima of AlaDH. The pH optimum of AlaDH was ϳ7.0 for both the deamination and amination reactions (Fig. 1) . AlaDH was not affected by prolonged incubation in buffers at the various pH values, indicating that the observed pH optimum is a reflection of the protonation and deprotonation of active site amino acid residues. The temperature optimum was approximately 82°C as measured for the reductive amination of pyruvate assay (Fig. 2) . This temperature optimum correlates well with the optimum growth temperature of A. fulgidus (83°C) (54) . It is noteworthy that 30% of the activity remained at 25°C. Effects of salt on AlaDH temperature stability. When incubated at 90°C for 2 h, AlaDH lost its activity completely (Fig.  3) . However, the addition of various salts at a 1.0 M concentration increased stability at 90°C by more than an order of magnitude (Fig. 3 ). Of these, KCl proved to be optimal for stabilizing enzyme activity. The optimum KCl concentration for stability was determined to be 1.5 M (Fig. 4) . In 1.5 M KCl, the enzyme half-life at 90°C was extended to 55 h (Fig. 5) . At 25°C, no loss of activity could be detected for more than 3 months in the presence of 1.5 M KCl. AlaDH activity was not measurably affected by the addition of up to 2.0 M KCl to the enzyme assay.
N-terminal amino acid sequence analysis of AlaDH. The N-terminal sequence of A. fulgidus AlaDH was determined to be Met-Glu-Thr-Leu-Ile-Leu-Thr-Gln-Glu-Glu-Val-Glu-SerLeu. This sequence corresponds to the translated AF1665 gene locus in the A. fulgidus genome (19) ciens (7, 33, 36) . To test whether AlaDH also exhibited OCD activity, the purified enzyme was incubated with ornithine at 80 and 37°C; however, no proline was detected (data not shown). This suggests that A. fulgidus AlaDH is not an OCD. The detection limit of the method was approximately 1% of the activity measured for L-alanine deamination. Expression of ala and characterization of the recombinant enzyme. To confirm that the AF1665 gene locus encodes AlaDH, the AF1665 gene was cloned from the A. fulgidus chromosome into an E. coli overexpression vector (42) . After induction of gene expression in E. coli, a 35-kDa protein was produced. The activity of the recombinant protein in the E. coli soluble cell fraction was barely detectable, i.e., Ͻ0.05 U/mg, but increased to 113 U/mg after incubation for 20 min at 80°C, suggesting that the enzyme requires an elevated temperature to assume an active conformation. Recombinant A. fulgidus AlaDH was purified to homogeneity, and the measured kinetic and stability properties of the recombinant AlaDH protein were indistinguishable from those of the native enzyme (data not shown).
Analysis of primary structure and phylogenetic relationships. FASTA and BLASTP searches with the A. fulgidus AlaDH amino acid sequence revealed homologous proteins, which were aligned with ClustalW (Fig. 6) . No apparent homology to any bacterial AlaDHs was identified, suggesting that A. fulgidus AlaDH constitutes an independent class of enzymes. The AF1665 gene is now designated ala to distinguish it from the ald genes encoding bacterial AlaDHs.
A. fulgidus AlaDH is 31 to 34% identical to the family of OCD enzymes in A. tumefaciens. It is also about 33 to 35% identical to the mammalian -crystallin family that includes the human thyroid hormone-binding protein (THBP) (51).
-Crystallins are structural proteins present in the eye lenses of marsupials and are found in various tissues in other organisms, including humans, where their function is uncertain (18, 38, 53) . Other homologous proteins (about 27% identity) include the lysine cyclodeaminase from Streptomyces hygroscopicus (16) , an enzyme that is more closely related to the OCD family, and several hypothetical proteins from various bacteria and archaea. The proteins most closely related to A. fulgidus AlaDH are encoded by open reading frames from other archaea, the hyperthermophile Methanothermobacter thermoautotrophicum and the mesophile Halobacterium sp. strain NCR-1, with 49 and 46% sequence identity, respectively, which supports a prediction that these proteins will prove to be AlaDHs.
Visual inspection of the aligned amino acid sequences revealed highly conserved residues (Fig. 6 ). Among these, a GxGxxA/S motif (Gly132, Gly134, and Ala137 in the A. fulgidus sequence), suggesting a NAD ϩ binding site, is located in the central part of the proteins. While the glycine residues are conserved in the entire family of enzymes, Gly/Ala is not conserved completely.
On the basis of the sequence alignment, a phylogenetic tree was constructed (Fig. 7) . The tree branches into 10 major groups with long lineages, indicating the functional diversity of the proteins. Because of the long lineages, it was difficult to assign an unambiguous relationship of each group to another. Therefore, the tree is shown in a collapsed form, in which the relationship of the groups to one another is not taken into consideration. Three of the groups contain proteins with a known function. They include group I with the subgroup of -crystallin proteins, group V with OCDs and lysine cyclodeaminases (RapL of S. hygroscopicus), and group X containing A. fulgidus AlaDH. While nine groups appear to consist of proteins with functions that are predicted to be identical or very similar, group I contains proteins from very diverse organisms such as mammals, insects, yeast, plants, bacteria, and a strikingly large number of hyperthermophilic archaea. Whether proteins in this group have the same or diverse activities has yet to be established. Assay of human -crystallin for AlaDH activity. Many eye lens proteins exhibit enzyme activity, such as ε-crystallin, which was shown to have lactate dehydrogenase activity (53) . To establish whether the human -crystallin exhibits AlaDH activity, purified recombinant human -crystallin was generously provided by G. Wistow (National Institutes of Health) and assayed for reversible AlaDH activity at 37°C; however, no activity was detected.
DISCUSSION
We report here the characterization of a novel, extremely thermostable AlaDH protein that shows no significant sequence homology to previously known AlaDHs. The A. fulgidus enzyme exhibits kinetics similar to those of AlaDHs from bacteria, albeit at a far higher temperature of 82°C, which is consistent with the optimal growth temperature for A. fulgidus (54) . Previously described AlaDHs from thermophilic bacteria show remarkable thermal stability, yet the A. fulgidus enzyme is extraordinary by comparison. For example, the AlaDHs of Bacillus sphaericus and Thermus thermophilus exhibit half-lives of ϳ70 and ϳ10 min at 80 and 85°C, respectively (29, 47) , whereas the A. fulgidus enzyme has a half-life of 50 min at 90°C at low ionic strength and ϳ55 h at 90°C in 1.5 M KCl (Fig. 3  and 5 ). KCl is one of the known osmolytes in marine archaea and has been suggested to serve as a general stabilizer for proteins (21, 31) . It is particularly noteworthy that this enzyme retains 30% of its maximal activity at 25°C. A. fulgidus AlaDH therefore represents a striking counterexample to the widely held generalization that extremely thermostable enzymes from hyperthermophiles should be expected to show very little or no activity at or near 25°C (20) . Because of its high stability and activity at 25°C, A. fulgidus AlaDH lends itself to the in vitro synthesis of L-alanine (46) . Consistent with most of the characterized bacterial AlaDHs, the reductive amination of pyruvate to L-alanine is catalyzed by the archaeal enzyme at a higher maximum rate in vitro than is the deamination of L-alanine (14, 28-30, 32, 35, 37 Table 2 ). It is therefore not possible to discern the physiological role of AlaDH on the basis of its kinetic properties. A. fulgidus also contains a very abundant NADP ϩ -dependent glutamate dehydrogenase with an ammonium K m of 4 mM that could serve as the primary nitrogen assimilatory enzyme (1). It is not known whether the ala gene is regulated in A. fulgidus; however, studies to elucidate the physiological role of this enzyme are under way.
The AlaDH protein from A. fulgidus is selective for L-alanine and L-2-aminobutyrate in the oxidative direction, although 12% or lower activity is also obtained with other L-amino acids such as valine, serine, threonine, isoleucine, and aspartate. Minor deamination activities of other L-amino acids (about 5% of the activity with L-alanine) are common features of many bacterial AlaDHs, although enzymes with high substrate specificity also exist (8, 23, 28, 30, 47, 49) . However, A. fulgidus AlaDH distinguishes itself by its unusually high L-2-aminobutyrate deamination activity. Substrate specificity for the other known archaeal AlaDHs from H. salinarum and H. cutirubrum were not determined (15, 17) .
Recently, an L-2-aminobutyrate dehydrogenase was purified from the archaeon Halobacterium saccharovorum (25) . The H. saccharovorum L-2-aminobutyrate dehydrogenase also deaminates L-alanine, but at a twofold slower rate. The K m values for L-2-aminobutyrate and L-alanine are similar to those of A. fulgidus AlaDH. The subunit molecular weight of the H. saccharovorum L-2-aminobutyrate dehydrogenase (M r , 54,000) is larger than that of A. fulgidus AlaDH, and it assumes a tetrameric quaternary structure while A. fulgidus AlaDH constitutes a dimer. Although the amino acid sequence of the H. saccharovorum L-2-aminobutyrate dehydrogenase is not known, it is possible that this enzyme is related to A. fulgidus AlaDH. As is typical for enzymes from halophiles, the H. saccharovorum L-2-aminobutyrate dehydrogenase is only stable in the presence of high salt concentrations. It is possible that archaeal AlaDHs function as an AlaDH and as an L-2-aminobutyrate dehydrogenase. While 2-ketobutyrate is a common pathway intermediate, L-2-aminobutyrate is a so-called "unnatural" amino acid that can be formed when 2-ketobutyrate accumulates. High levels of 2-ketobutyrate have been shown to be toxic to Salmonella enterica serovar Typhimurium (22) . Therefore, amination of 2-ketobutyrate to the less inhibitory compound L-2-aminobutyrate may serve as a detoxification mechanism.
In the reductive amination direction, A. fulgidus AlaDH exhibits a broader substrate range, which appears to be a feature common to many AlaDHs (14, 17, 28, 30, 49) . 2-Ketobutyrate, oxaloacetate, and pyruvate are aminated at similar rates (Tables 2 and 4 ). However, a comparison of the catalytic efficiencies indicates that pyruvate is the preferred substrate for reductive amination. It is noteworthy that A. fulgidus AlaDH also acts as a reversible serine dehydrogenase, since it both aminates hydroxypyruvate to L-serine and deaminates L-serine, but at 10% of the rates obtained with pyruvate and alanine (Tables 3 and 4) . Strikingly, A. fulgidus AlaDH has no significant amino acid sequence similarity to previously described bacterial AlaDHs and thus belongs to an independent class of enzymes. Instead, A. fulgidus AlaDH exhibits homology to bacterial OCD and the mammalian -crystallin family of proteins ( Fig. 6 and 7) . The highest sequence similarity, however, exists to proteins from two archaea, M. thermoautotrophicum and Halobacterium sp. strain NRC-1, suggesting that these proteins may function as AlaDHs and not as OCDs as they have been annotated (26, 40) . There is no amino acid sequence information available for the H. salinarum and H. cutirubrum AlaDH enzymes (15, 17) . Interestingly, Graupner and White detected OCD activity in cell extracts of the hyperthermophilic methanogen Methanococcus jannaschii (12) . This archaeon lacks any AlaDH or OCD homologue, suggesting that proline formation from ornithine is catalyzed by a novel, not yet characterized, enzyme.
Recently, the three-dimensional structure of the AlaDH enzyme from the cyanobacterium P. lapideum was solved (4). On the basis of the analysis of this structure, P. lapideum AlaDH belongs to a family of D-2-hydroxy acid dehydrogenases that also includes D-lactate dehydrogenases, D-glycerate dehydrogenase, D-phosphoglycerate dehydrogenase, NAD ϩ -dependent formate dehydrogenase, and D-2-hydroxyisocaproate dehydrogenase (4) . Despite the structural similarity, there is no significant sequence similarity in this enzyme family, with the exception of an NAD ϩ binding site, i.e., the common dinucleotide-binding fingerprint, GxGxxA/G (4). This motif is present as GxGxxA/S in A. fulgidus AlaDH and homologues, with the notable exception of the putative OCD from Rhodobacter capsulatus, where the motif is GxGxxC (Fig. 6) .
Smith et al. recently solved the three-dimensional structure of A. fulgidus AlaDH, and a detailed description of this structure will follow (42) . The crystal structure confirmed the dimeric quaternary structure of A. fulgidus AlaDH, demonstrating that each monomer consists of two domains, a Rossman fold domain for NAD ϩ binding and a catalytic domain that is, however, structurally unrelated to the catalytic domain of P. lapideum AlaDH (11a).
The different primary and tertiary structures of bacterial and archaeal AlaDHs suggest that these enzymes did not evolve from a common ancestor but that evolution occurred along two separate pathways. Since A. fulgidus AlaDH homologues are present in all three domains of life, archaea, bacteria, and eucarya, it is likely that this type of enzyme was present in the last common ancestor. Alternatively, an early horizontal gene transfer event among the three domains could have occurred. After the divergence of the bacteria, archaea, and eucarya, the predecessor protein appears to have evolved into a diverse group of proteins with specialized functions. Thus, A. fulgidus AlaDH does not exhibit OCD activity and the human -crystallin protein lacks both OCD and AlaDH activities. Whether any of the OCDs have AlaDH activity is not known.
Interestingly, the -crystallin group of this diverse enzyme family includes several closely related archaeal homologues (group I in Fig. 7) . The -crystallin proteins and the related protein THBP are found in human and animal eye lens retinas and in diverse tissues that respond to thyroid hormone regulation, including human, kangaroo, and rat brain, heart, skeletal muscle, and kidney tissues, respectively (18, 38) . Neither the human -crystallin nor the P. aerophilum -crystallin homologue exhibits any detectable AlaDH activity, assuming that the latter protein is expressed. Elucidation of the function of the archaeal -crystallin homologues may aid in understanding the physiology of the human and animal -crystallins.
In conclusion, A. fulgidus AlaDH is a representative of a new archaeal line of AlaDHs that is distinct from the bacterial AlaDHs. We predict that once more archaeal genomes become available, the number of archaeal AlaDHs in group X will increase (Fig. 7) .
